Caffeine may very well be the most frequently ingested neuroactive drug in the world.
and apoptosis are normally mediated by p53 activities. In general, cells expressing wildtype p53 arrest in G1, whereas cells that do not express p53 or express a mutant p53 arrest mainly in G2.
Although the effects of caffeine have been heavily investigated, much of the research data regarding caffeine's effects on cell cycle and proliferation seem ambiguous. One important factor may be that caffeine has been used experimentally in numerous cell types under a variety of conditions at concentrations ranging from micromolar to high mM. Physiologically, achieving a 2 mM blood level of caffeine would require the simultaneous consumption of over 100 cups of coffee [11] . Therefore, the relevance of experimental data obtained by using greater than 1 mM caffeine is not clear and may account for some of the discrepancies in the literature. This review will attempt to reconcile data regarding the cellular effects of caffeine by examining reported effects on cell cycle, proliferation and apoptosis with careful attention to differences in experimental conditions and caffeine concentration utilized.
Regulation of cell cycle: brief overview
A review of the cell cycle and its various components will facilitate an understanding of the reported effects of caffeine on cell cycle function, proliferation and apoptosis. The cell cycle consists of four distinct phases that include the S phase where DNA duplication occurs, the M phase or mitosis during which the DNA is separated and the cell divides, and two gap phases. Gap1 or G1 is the phase before DNA synthesis and G2 is the period before mitosis begins. Progression through the cell cycle depends on the presence of mitotic or growth factor stimulation. As long as stimulation occurs, cells will continue to proliferate, whereas in the absence of stimulation, cells stop dividing and enter the resting or quiescent state known as G0. At a certain point in G1, referred to as the restriction point or R, cell growth no longer requires mitotic stimulation and cells are irreversibly committed to enter the S phase [12] . results in the elevation of p53, which causes an increased transcription of p21, which is a primary cause of G1/S delay ( Fig. 2A) .
The cyclin E/Cdk2 and the cyclin D/Cdk4,6 complexes act together to phosphorylate and inactivate the retinoblastoma protein (Rb) and these phosphorylations of Rb are required for full progression into the S-phase. Active Rb is bound to the E2F transcription factor and phosphorylation of Rb results in the release of E2F, which allows E2F to facilitate the transcription of several important cell cycle proteins, including cyclin E and cyclin A.
Once cells enter S-phase, cyclin E is degraded and Cdk2 then associates with cyclin A, which is expressed at the G1/S boundary. Both cyclin E/Cdk2 and cyclin A/Cdk2 activities appear to be essential for the initiation and completion of DNA replication and activity of cyclin A/Cdk2 is required for progression through S phase [14] . Expression of cyclin B occurs after cyclin A synthesis and remains high throughout G2 and mitosis. Cyclin B associates with Cdc2 (Cdk1) but this complex is maintained in a phosphorylated, inactive but stabilized form until the G2/ M boundary at which point the complex is dephosphorylated and activated by Cdc25 phosphatases. Both cyclin A and cyclin B now associate with Cdc2 (Cdk1) to promote entry into mitosis and cyclin A is then degraded. Entry into mitosis (G2-M) requires activated cyclin B/Cdc2 and exit from mitosis requires cyclin B degradation.
Phosphorylation of the cyclin/Cdk complexes results in their deactivation and most of the cyclin/Cdk complexes are activated by dephosphorylation mediated by the Cdc25 (A,B,C) phosphatases. For example, Cdc25A dephosphorylation of cyclin E/Cdk2 is required for S phase progression and Cdc25C dephosphorylation of cyclin B/Cdk1 is crucial for G2 to M progression (Fig. 2B ). Cyclin D is expressed throughout the cell cycle as long as mitotic stimulation occurs. In the absence of stimulation, cyclin D is phosphorylated and inactivated by glycogen synthase kinase 3 (GSK3), which targets cyclin D for destruction by the proteosome. Cdc25 proteins are inactivated by phosphorylation by the checkpoint regulatory proteins, Chk1 and Chk2. Cdc25A phosphorylation leads to its degradation [15] and Cdc25C phosphorylation leads to its inactivation by the formation of a complex with 14-3-3 proteins in the cytoplasm [16] (Fig. 2C) . Inactivation of Cdc25C results in an inability to activate the cyclin B1/Cdc2 complex and therefore prevents progression into the G2/M phase.
Caffeine has generally been reported to induce G1/S arrest and to reverse or abrogate the G1/ S and G2/M checkpoint delay periods ( Fig. 2B and C) . Importantly, when caffeine is combined with DNA-damaging agents, the potency of the DNA-damaging agent is increased markedly [4, [17] [18] [19] . In particular, studies have shown that reversal of DNA-damage-induced checkpoint function or arrest with caffeine [17, 18] doubled the cytotoxicity of ionizing radiation (IR) in human cancer cell lines. Many of these studies suggested that the increased toxicity of IR or chemical agents is associated with caffeine's inhibition of the G2 checkpoint activity (i.e. a reversal of the agent-induced arrest), which would accelerate movement of the cell cycle through the G2/M checkpoint, thus leaving cells less time to repair DNA damage and eventually lead them to apoptosis [20] . The effect seems to be most potent in p53-deficient cells, which can only arrest in G2 [17, 18] . Although caffeine's effects on G2 have been most widely documented, caffeine has also been reported to have variable effects at G1. Interestingly, caffeine appears to exert its effects on G1 through both p53-dependent and p53-independent mechanisms.
Effects of caffeine on cell cycle progression

G1/S
When DNA damage occurs, p53 is phosphorylated (Ser15) by the ataxia telangiectasia mutated (ATM) protein and the AT-related homolog, ATR ( Fig. 2A) [21] , which results in p53 stabilization and accumulation [22] . ATM and ATR also prevent p53 degradation through their phosphorylation of mouse double minute 2 (MDM2) [23] , which disrupts MDM2's association with p53 thereby preventing p53 ubiquitination and degradation. In addition, ATM phosphorylates Chk2, which in turn phosphorylates p53 (Ser20), also disrupting the inhibitory binding of MDM2 [24] . An important p53 target gene is p21, the protein product of which suppresses activation of cyclin D/Cdk4/6 and cyclin E/Cdk2 and leads to G1 arrest ( Fig. 2A ) [25, 26] .
Many early studies indicated that caffeine directly induced G1 arrest in mammalian cells [3, 27] . On the other hand, almost 15 years ago, Kastan et al. [22] reported that caffeine treatment (4 mM) blocked both the G1 arrest and the induction of p53 protein expression in myeloblastic leukemia (ML-1) cells after γ-irradiation. In contrast with these results [22] , Qi et al. [28] recently reported that caffeine (5 mM) alone or in combination with IR induced p53-independent G1 phase arrest and enhanced apoptosis in human A549 lung adenocarcinoma cells. This differed from the effect of IR alone, which induced a p53-dependent G1 arrest. However, a lower concentration (0.5 mM) of caffeine alone or in combination with IR could not induce G1 arrest. On the other hand, caffeine at either 0.5 or 5 mM reversed IR-induced G2 arrest suggesting that caffeine may act by different mechanisms to impair IR-induced G1 and G2 checkpoints and that G2 may be more sensitive to caffeine's effects. This also strongly supports the idea that the experimental concentration of caffeine is extremely important. In this same study [28] , IR-induced arrest at G1 was found to be strictly dependent on p53, however, caffeine could still arrest cells at G1 in p53-deficient cells, suggesting that p53 was not required for caffeine's effects. In addition, IR-induced arrest still occurred at G2 in p53-deficient cells. These investigators [28] also examined the effect of caffeine (5 mM) with or without IR on Cdk2 and Cdc2 activities. Caffeine, IR or a combination inhibited Cdk2 activity, which would explain the G1 arrest because inhibition of cyclin E/Cdk2 is known to lead to G1-phase arrest [25, 26] . This work was supported by Gong et al. [29] , who reported that during G1, inactive cyclin E accumulates and only those cells with cyclin E expression above a distinct threshold level can enter the S-phase of the cell cycle. In p53-deficient cells, only caffeine could inhibit Cdk2 activity suggesting that IR and caffeine acted by different mechanisms. In contrast to Qi et al. [28] , we [30] have found that caffeine (8 mM) did not affect the activity of active cyclin E/Cdk2 in JB6 cells, suggesting cell type specificity. Further, Qin et al. [31] reported that MOLT-4 lymphocyte leukemia cells treated with 50 mM caffeine entered into S-phase with a level of cyclin E well below the threshold level for untreated cells. These investigators [31] suggested that caffeine activated Cdc25C, which in turn activated Cdk2 resulting in an increased rather than a decreased cell proliferation [31] . However, the relevance of these results may be debatable due to the extremely high concentration of caffeine utilized.
Lower levels of caffeine (0.25-1 mM) were shown to suppress cell cycle progression at the G0/G1 phase [30] . In this work, JB6 Cl41 mouse epidermal cells were synchronized at G0 by serum deprivation (36 h in 0.1% FBS) and then exposed to 5% fetal bovine serum (FBS) as a mitogenic stimulus. Treatment of cells with caffeine inhibited FBS-stimulated cell proliferation (IC 50 = 0.7 mM) by inducing G0/G1 arrest but without causing apoptosis. The inhibitory effect appeared to result from the indirect suppression of cyclin D1/Cdk4 activation and subsequent inhibition of Rb phosphorylation (Ser780, Ser807, Ser811). As indicated earlier, phosphorylation of Rb by Cdk4/6 and Cdk2 [32] occurs at the G0/G1 and G1/S transitions [33] . This phosphorylation leads to the disruption of the Rb/E2F transcription factor complex, resulting in the release of active E2F and its subsequent activation of many genes required for cell cycle progression through S phase [34] . Hashimoto et al. [30] also found that caffeine inhibited the time-dependent phosphorylation of protein kinase B (Akt Thr308) and its substrate, GSK-3β (Ser9). GSK-3β normally phosphorylates cyclin D1 (Thr286), which triggers cyclin D1 degradation, thus decreasing the activity of Cdk4 [35] . Because caffeine has also been reported to directly inhibit PI-3 kinase activity [36] , Hashimoto et al. [30] suggested that the inhibitory effects of caffeine on cell growth signaling through Akt/GSK-3β may result from the direct inhibition of PI-3 kinase, which is upstream of Akt/GSK-3β.
Kaufmann et al. [37] showed that caffeine (2 mM) induced about a 75% inhibition of G1/S progression in diploid human fibroblast cells. They further found that ATM and p53 were not required because AT cells and cells with inactive p53 (HPV16E6) also arrested in G1 in the presence of caffeine. ATM-dependent phosphorylation of p53 and transactivation of p21 Cip1/Waf1 were also not affected by caffeine [37] . Caffeine did not appear to inhibit cyclin B1/Cdk1, which promotes G2/M progression, nor cyclin E/Cdk2 or cyclin A/Cdk2, which are required for initiation of replication and progression through S. Instead, they [37] suggested that caffeine appeared to target the cyclin D1/Cdk4,6 complex agreeing with the work of Hasimoto et al. [30] .
Additional studies have shown that treatment with caffeine resulted in a suppression of Chk1 activity. UVC, the carcinogen benzo(a)pyrene dihydrodiol epoxide, hydroxyurea, or psoralen plus UVA radiation have been reported to activate Chk1 [38] [39] [40] [41] , which phosphorylates and inactivates Cdc25A. Activation of Cdc25A is required for activation of cyclin E/Cdc2 and entry into S phase. Others have also shown that UV and IR can induce Cdc25A degradation and this degradation can be suppressed by caffeine [15] . Chk1 was activated in mouse fibroblasts treated with methyl methanesulfonate (MMS) and 4-amino-1,8-naphthal-imide (4-AN), an inhibitor of poly(ADP-ribose) polymerase (PARP) activity, but the activation could be suppressed by caffeine (1 mM) [42] . Overall, caffeine appears to have variable effects at the G1/S checkpoint. The specific effect is heavily dependent on experimental conditions, cell type and caffeine concentration. Generally, caffeine alone seems to induce cell cycle arrest and under some conditions apoptosis, by both p53-dependent and p53-independent mechanisms. At least two reports indicated that caffeine might act on the cyclinD1/Cdk4 complex resulting in G1/S arrest. On the other hand, several reports suggested that caffeine might also suppress DNA-damage agent-induced Chk1 activation or prevent Cdc25 inactivation thereby reversing G1/S checkpoint activation and driving cells into S phase.
G2/M
Thirty years ago, caffeine was first reported to directly inhibit DNA repair that resulted in DNA-damage induced cell death [43] . However, a few years later in 1982, Lau and Pardee [4] established that caffeine actually prevented G2-arrest that was induced after treatment with nitrogen mustard and allowed mitosis to occur before completing DNA repair, thereby causing apoptosis. As indicated earlier, p53 (Ser15) is phosphorylated by ATM and ATR when DNA damage occurs. However, even though G1 arrest is highly dependent on p53 activation, G2 arrest can still occur in p53-deficient cells. Besides p53, the checkpoint kinases, Chk1 and Chk2, are critical in the regulation of cell cycle checkpoint G2. Evidence indicates that Chk1 (Ser345, Ser317) is preferentially phosphorylated and activated by ATR [44] whereas Chk2 (Thr68) is activated and phosphorylated mainly by ATM [45, 46] . Activated Chk1 and Chk2 phosphorylate and inactivate the Cdc25C (Ser216) phosphatase by facilitating its binding with the 14-3-3 protein (Fig. 2C) [45, 47] . The 14-3-3 protein binds with and prevents the activation of the cyclin B/Cdc2 complex [48] , thereby inhibiting mitosis. Thus, the net result of ATM/ ATR activation and phosphorylation of Chk1/2 is G2/M arrest (Fig. 2C ).
More than 35 years ago, caffeine was reported to sensitize cells to UV radiation toxicity [49] . The increased sensitivity was suggested to be associated with the ability of caffeine to reverse the G2-phase arrest that is normally observed in cells exposed to radiation or other DNAdamaging agents [50] . Presumably, disruption at the G2/M checkpoint by caffeine leaves cells less time to repair DNA damage by driving them through mitosis [4] resulting in apoptosis [20, 51] . Vavrova et al. [52] found that caffeine (2 mM) eliminated IR-induced G2 phase arrest (up to 72 h). Apoptosis was induced by IR both in the presence and absence of caffeine at 2-4 days, but also at days 5-7 and 10 in the presence of caffeine [52] . High concentrations of caffeine have been shown to directly induce apoptosis [53] and the increased radiosensitivity of certain cells associated with caffeine has been reported to correspond to enhanced apoptosis [54, 55] . Radiosensitivity is defined as the relative susceptibility of cells, tissues, organs or organisms to the harmful effect of IR. Caffeine has been reported to increase apoptosis and mitochondrial damage in human HL-60 and U937 cancer cells [56] , human neuroblastoma cells (10 mM) [57] , human pancreatic adenocarcinoma cells (4 mM) [58] , human A549 lung adenocarcinoma cells (5 mM) [28] , and mouse epidermal JB6 Cl41 cells (450 μM) [9] . Fernandez et al. [59] determined that caffeine at a concentration of 3 mM or less actually increased viability of Chinese hamster ovary cells. On the other hand, greater than 5 mM caffeine was cytotoxic. The higher concentrations corresponded with increased caspase-8 activity and DNA fragmentation, which generally agrees with the work of Jafari et al. [60] who reported that caffeine at less than 5 mM prevented apoptosis of alveolar macrophages from rat lung, whereas 5-20 mM caffeine induced apoptosis.
Arrest at G2 induced by DNA damaging agents has been reported to be associated with suppression of Cdc2 (Cdk1) activity [61] . Numerous studies indicated that caffeine inhibits the agent-induced G2 arrest by promoting an increased dephosphorylation and activation of Cdc2 thereby driving its activation in complex with cyclin B [62] . Winters et al. [63] also confirmed that caffeine increased the dephosphorylation of Cdc2, an event that would effectively override the inhibition of the cyclin/Cdk complexes and accelerate mitosis [64] . Qi et al. [28] found that Cdc2 activity was reduced in cells exposed to IR and the suppression was not only reversed by caffeine but Cdc2 activity seemed to be enhanced. Cdc2 is known to be inactivated by phosphorylation (Thr14/15) and activated by dephosphorylation by Cdc25C [65] . Qi et al. [28] reported that caffeine appears to act by inhibiting IR-induced Cdc2 phosphorylation (Thr15) and blocking the interaction of Cdc25C with 14-3-3, which would effectively prevent Cdc2 inactivation and push the cell cycle through the G2/M transition.
Some evidence suggests that caffeine might target cancer cells with little effect on normal cells. Jha et al. [66] examined caffeine's effect on G2-phase delays in three human normal cell lines (GM2149, GM4626, AG1522) and three human tumor cell lines (HeLa, MCF7, OVGI) after exposure to gamma rays. All six cell lines displayed similar G2 phase delays after radiation. However, the gamma-ray-induced G2-phase delays were eliminated by caffeine in the tumor cell lines but were unaffected in all of the normal cell lines [66] . Florensa et al. [67] found that caffeine did not eliminate hydroxyurea-induced arrest in non-transformed cell lines, including normal rat kidney (NRK) and NIH 3T3 fibroblasts. However, caffeine had variable effects on tumor cell lines, including a reversal of the hydroxyurea-induced G2-phase arrest in various colorectal cancer cells. Overall, most research data indicate that caffeine does indeed reverse DNA-damage-induced G2 arrest and drive cells through a fatal mitosis. Many reports suggested that the mechanism may be related to caffeine's ability to reactivate Cdc2 and Cdc25C activities. In addition, some data indicated that caffeine may preferentially target tumor cells while having little effect on normal cells.
Molecular targets for caffeine-induced cell cycle arrest
ATM and ATR
Initiating the appropriate checkpoint responses to double-strand DNA breaks requires the function of ATM and ATR [68] . This is supported by studies in ataxia telangiectasia (AT) patients and cells in which DNA damage cannot induce cell cycle arrest [69] . The cellular effects of caffeine resemble some defects observed in AT cells [70] . Although somewhat controversial, ATM (IC 50 0.2 mM) and ATR (IC 50 1.1 mM) have been identified as the primary molecular targets of caffeine in vitro [70] . ATM and ATR belong to the phosphatidylinositol-3 kinase (PI-3 kinase)-related kinase family [71] . PI-3 kinase has been implicated in signaling pathways important in tumor development [72] and caffeine has also been shown to inhibit various isoforms of PI-3 kinase (IC 50 0.075-1.0 mM) [36, 70] and components of the PI-3 kinase signaling pathway, including Akt [73] . Besides ATM/ATR, other protein targets of caffeine may include p53 [9] , mammalian target of rapamycin (mTOR; IC 50 0.4 mM), DNAdependent protein kinase (DNA-PK; IC 50 <10 mM) and Chk1 (IC 50 <5 mM) [70] but not Chk2 (Thr68), which was shown to be insensitive to caffeine (1-10 mM) [74] .
Most of the evidence supporting ATM/ATR as primary targets of caffeine was obtained from in vitro assays or assays in which activation of ATM/ATR substrates was found to be suppressed by caffeine. Sarkaria et al. [70] reported that A549 cells exposed to γ-irradiation after treatment with caffeine (1 mM) displayed a reversal of the radiation-induced G2/M arrest and inhibition of γ-radiation and UV (50 J/m 2 )-induced phosphorylation of p53 (Ser15). Caffeine's effect on p53 was attributed to an inhibition of ATM/ATR phosphorylation of p53 (Ser15) in vitro. Blasina et al. [75] showed that treatment of HeLa cells with caffeine (2 mM) prior to irradiation indirectly decreased the radiation-induced activation of Chk2 presumably due to the direct inhibition of ATM, which has been reported to be required for radiationinduced activation of Chk2 [76] . Zhou et al. [77] found that G2/M arrest corresponded with an increased phosphorylation (Ser216) and inactivation of Cdc25C and that pretreatment with caffeine (2 mM) inhibited the phosphorylation. They also showed that ATM phosphorylation and activation of Chk2 (Thr68) was also suppressed by caffeine (2 mM) after IR exposure. Caffeine (10 mM) has also been shown to reverse resveratrol-induced activation of ATM/ATRChk1/2 in human ovarian carcinoma Ovcar-3 cells [78] . Caffeine actually appeared to act by directly suppressing the resveratrol-induced Chk1/Chk2-mediated phosphorylation and deactivation of Cdc25C and Cdc2.
In marked contrast, Cortez et al. [79] recently found that treatment of HCT116 cells with caffeine (1-16 mM) or hydroxyurea actually promoted an increased phosphorylation of ATM/ ATR substrates, Chk1, replication protein A, Chk2 and p53. Caffeine and hydroxyurea also increased ATM autophosphorylation and Chk2 phosphorylation in hTERT-RPE1 cells suggesting an increased activation of ATM. With IR, ATM was maximally autophosphorylated and caffeine had no effect on that phosphorylation. In addition, caffeine consistently caused a slight increase in Chk2 (Thr68) and Chk1 phosphorylation induced by IR. Importantly, the G2/ M arrest induced in response to ionizing radiation or hydroxyurea was abrogated by caffeine (1 mM) treatment without a corresponding decrease in ATM-ATR-dependent signaling. These data suggest that although caffeine has been reported to be an inhibitor of ATM-ATR kinase activity in vitro, it can block checkpoints without inhibiting ATM-ATR activation in vivo [79] . Of ATM, ATR and DNA-PK, DNA-PK has been suggested to be the most resistant to caffeine [70] . However, Block et al. [80] recently reported that caffeine inhibited immunoprecipitated and purified DNA-PK as well as cellular DNA-PK with an IC 50 of 0.2-0.6 mM, suggesting that caffeine cannot accurately differentiate between ATM, ATR and DNA-PK-dependent phosphorylations.
p53
The tumor suppressor protein, p53, is believed to be the primary mediator of cell cycle arrest and induction of apoptosis in most cells lines in response to DNA damage. However, the research literature suggests that caffeine may exert its effects, including induction of apoptosis, not only through p53-dependent pathways [81] , but also through p53-independent pathways that may involve activation and phosphorylation of Chk1 and Chk2 [64] . Alan Conney's group has been investigating the effects of topical and oral administration of caffeine in vivo for several years. They found that oral administration of caffeine alone (0.44 mg/ml) as the sole source of drinking fluid for 18-23 weeks inhibited the formation and size of non-malignant and malignant UVB-induced tumors in SKH-1 mice exposed to UVB (30 mJ/cm 2 ) twice a week for 22-23 weeks [7] . They also found that prefeeding caffeine enhanced UV-induced increases in the number of p53-positive cells, p21-positive cells, and apoptotic sunburn cells in the epidermis [82] . Later work [83] confirmed that topical treatment with caffeine (6.2 μmol) following 20 weeks of UVB (twice/week) decreased the number of non-malignant and malignant skin tumors per mouse by 44%. Caffeine treatment increased caspase-3 positive cells in non-malignant skin tumors by 87% and in squamous cell carcinomas by 92% with no effect on normal epidermis [83] . In later work, topical application of caffeine (6.2 μmol) immediately after UVB (60 mJ/m 2 ) in p53 +/+ or p53 -/-female mice enhanced the UVB-induced increase in apoptotic sunburn cells (6 h later) by 127 and 563%, respectively. The UVB-induced increase in apoptotic sunburn cells in p53 −/− cells was 10-30% of that observed in p53 +/+ mice. These results suggested that UVB-induced increases in apoptosis in the epidermis of wildtype mice occurred mostly through p53-dependent pathways and that topical application of caffeine enhanced UVB-induced increases in apoptosis by p53-independent pathways. This work supported earlier work from this group [84] in which they found that topical application of caffeine had only a small stimulatory effect on UVB-induced increases in the level of wildtype p53 protein and these changes were not related temporally to caffeine-induced increases in apoptotic cells. Most recently this group reported that UVB (30 mJ/cm 2 ) exposure of female SKH-1 hairless mice two times a week resulted in the formation of cellular patches that expressed a mutated (but not wildtype) p53 protein [85] . Oral administration of caffeine (0.4 mg/ml) in drinking water inhibited UVB-induced formation of mutant p53 positive patches by about 40%. Topical applications of caffeine (6.2 μmol) starting immediately after discontinuation of UVB treatment enhanced the rate and extent of disappearance of the mutant p53-positive patches. Investigators concluded that the chemopreventive effect of caffeine or green tea might occur by a proapoptotic effect preferentially in early precancerous lesions [85] . Most recently, this group [86] irradiated female SKH-1 hairless mice with UVB (30 mJ/ cm 2 ) twice a week for 10-20 weeks and found that UVB resulted in the formation of cellular patches expressing a mutant but not wild-type p53 protein. The number and size of the patches increased progressively with continued UVB treatment but oral administration of caffeine (0.4 mg/ml) as the sole source of drinking fluid during irradiation with UVB, inhibited UVBinduced formation of mutant p53 positive patches. Topical applications of caffeine (6.2 μmol) once a day 5 days a week starting immediately after discontinuation of UVB treatment enhanced the rate and extent of disappearance of the mutant p53-positive patches [86] . This same group [87] also reported that oral treatment of mice with caffeine or green tea during chronic UVB-irradiation changed the mutation profile of the p53 gene in early mutant p53-positive epidermal patches, and topical applications of caffeine after discontinuation of chronic UVB-irradiation specifically eliminated patches harboring homozygous p53 mutations [87] .
p-53-independent effects-
A great deal of evidence suggests that caffeine exerts its most cytotoxic effects in cells that do not express p53 or express a non-functional p53 protein [88] . Powell et al. [18] have shown that p53-knockout fibroblasts exhibit greater caffeineinduced sensitivity to the deadly effects of IR compared with p53 wildtype cells. Yao et al. [55] found that irradiation induced apoptosis in wildtype thymocytes and bone marrow mononuclear cells but that p53-deficient cells were relatively resistant to IR, an effect that was attributed to a decreased Cdc2 activity. However, treatment with caffeine (4 mM) prevented the inactivation of Cdc2 and G2 arrest, and also induced apoptosis in p53-deficient cells with little additional effect on p53 wildtype cells. Higuchi et al. [54] found that caffeine (2 mM) reduced the radiation-induced G2 arrest in two rat yolk sac tumor cell lines each having a different p53 status. Apoptosis, which was not observed after either irradiation or caffeine treatment alone, was induced by irradiation in combination with caffeine in cells with a mutanttype p53 through a p53-independent pathway [54] . Janicke et al. [89] previously reported that caspase-3 deficient MCF-7 breast carcinoma cells [90] were especially resistant to IR-induced apoptosis although they harbor a functional p53 gene. Recently, this same group [91] reported that caffeine (1 mM) abrogated the IR-induced G2/M arrest in MCF-7 cell lines with or without caspase 3 expression but only induced apoptosis in MCF-7 cells with caspase 3 reintroduced. Caffeine sensitized MCF-7 caspase 3-expressing cells to IR-induced apoptosis independently of p53 activation and independently of caffeine's ability to reverse G2/M arrest [91] . Bache et al. [92] have previously shown that a strong irradiation-induced G2/M arrest was coupled with high clonogenic survival and a low rate of apoptosis after irradiation. More recently, they [93] reported that caffeine (4 mM) reduced the irradiation-induced G2/M block in human sarcoma cell lines (US8-93 and LMS6-93), which both have a mutated p53 but the abrogation of the block was not associated with a strong induction of apoptosis. Minemoto et al. [94] reported that treatment of FL-amnion cells (express wildtype p53) with adriamycin induced p53 activation. However, these cells arrested in G2 but not G1. Further investigation indicated that the p53 target protein, p21, was not expressed in these cells in spite of adriamycin-induced p53 accumulation. Besides its role in mediating G1 arrest [95] , p21 is known to be involved in the G2/M transition [96] . Formation of the p21/cyclin B1/Cdc2 complex inhibits Cdc2 kinase activity [97] , preventing cells from entering mitosis. The p21 protein can also interfere with the Cdc25C dephosphorylation and activation of Cdc2 to maintain G2/M arrest [98] . Adriamycin treatment of p21 deficient, p53 wildtype or p53 deficient cells resulted in G2 arrest suggesting that neither p53 nor p21 was required for G2 arrest induced by adriamycin [94] . Further, caffeine (2.5 mM) treatment activated Cdc2 and induced apoptosis in cells arrested at G2, thus reversing the adriamycin-induced block. Saito et al. [99] found that caffeine plus the adenovirus-mediated transfer of tumor suppressor phosphatase and tensin homologue deleted from chromosome 10 (PTEN) suppressed proliferation and induced apoptosis in numerous colorectal and prostate cancer cell lines (HCT116-p53 wildtype; HCT116-p53 deleted; SW480-p53 mutant; DLD-1-p53 mutant; CCD-18Co-p53 wildtype; Du145 prostatep53 mutant; LnCAP-p53 wildtype/PTEN mutant) with variable p53 expression. PTEN normally suppresses PI-3 kinase/Akt signaling and its overexpression can induce apoptosis. Saito et al. [99] observed that all cell lines regardless of p53 status arrested in G2 except LnCAP (mutant PTEN), which was arrested in G1. Caffeine alone did not induce apoptosis but did eliminate the PTEN-induced G2/M arrest and down-regulated Akt in tumor cells and, notably, these effects were not observed in normal fibroblasts.
p-53-dependent effects-
In contrast to the above-mentioned studies, some data suggested that radiosensitization or reversal of G2 arrest induced by caffeine is not selective for cells expressing non-functional p53. Takagi et al. [51] analyzed cell cycle and apoptosis after X-irradiation with and without caffeine in p53 wildtype (LCL) and mutant EBVimmortalized (LCL286A) lymphoblastoid cells, human leukemia p53 wildtype (KOPM46) and mutant p53 (KOPM28), and human leukemia HL60 cells, which do not express p53. All p53 mutant or p53-deleted cells displayed a G2 delay following X-IR and also resistance to apoptosis. Notably, treatment with caffeine (4 mM) and X-IR resulted in an abrogation of the G2 delay and enhanced radiation-induced apoptosis in p53 wildtype cells but not in p53 mutant cells. Caffeine also increased Cdc2 kinase activity but these changes were not associated with increased radiation-induced apoptosis [51] . Ribeiro et al. [100] showed that two bladder cancer lines (UCRU-BL-13 and UCRU-BL-28) expressing wildtype p53 failed to arrest at the G2 checkpoint after radiation, but caffeine still induced radiosensitization. In contrast, treatment of p53 mutant (UCRU-BL-17/2) cells reversed the radiation-induced G2 arrest but did not induce radiosensitization. No effects on radiosensitivity were seen in RT112 cells, which express a non-functional p53, at lower caffeine doses (2 mM) but at higher doses (4 and 10 mM) caffeine caused both abrogation of radiation-induced G2 arrest and increased radiosensitization. In none of the cell lines examined did caffeine treatment and/or irradiation result in apoptosis.
Low concentrations of caffeine (50-450 μM) induced apoptosis in JB6 Cl41 cell and the apoptosis was p53-dependent because it did not occur in p53 knockout cells [9] . Caffeine induced phosphorylation of p53 (Ser15) and increased p53 activation. Bax, a p53 target protein [101] , and cleaved caspase 3, a key executioner of apoptosis expression also increased in a time and dose-dependent manner. Bax is a pro-apoptotic member of the Bcl-2 family of proteins and is known to form heterodimers with the anti-apoptotic Bcl-2 protein in vivo. The molar ratio of Bcl-2 to Bax has been shown to establish whether apoptosis is induced or inhibited in many tissues [102] . Caspase 3 is known to be one of the key executioners of apoptosis and its activation requires proteolytic processing of its inactive zymogen into activated p17 and p19 subunits [103] . Bax drives the release of cytochrome c from the mitochondria and cytochrome c release activates caspase 3 [104] . Dubrez et al. [105] reported that caffeine sensitizes the human non-small cell lung cancer H358 cell line to p53-mediated apoptosis by inducing mitochondrial translocation and a conformational change in the Bax protein. Caffeine (4 mM) was shown to decrease proliferation of NB4 promyelocytic leukemia cells, which express wildtype p53 [10] . The inhibition of proliferation was associated with an induction of G2/M phase cell cycle arrest followed by apoptosis mediated by a mitochondrial-and caspase 3-dependent pathway. Caffeine induced an increased expression and phosphorylation of p53 (Ser15), p21 Cip1/Waf and the pro-apoptotic Bax protein, but had no effect on cyclin A, B, D, E, MDM2 or phosphorylation of p38. However, the inhibition was also associated with a reduced level of Cdc25C, which dephosphorylates and activates Cdc2 (Cdk1) [106] . Anti-sense inhibition of p53 reduced caffeine-induced G2/M phase cell cycle arrest and apoptosis [10] . Others have previously shown that caffeine significantly increased the cytocidal effects of DNA-damaging agents through the promotion of cell cycle progression by inhibiting delays in G2/M phase and particularly in a human osteosarcoma cell line expressing wild-type p53 [107] . Recently, Tsuchiya et al. [108] observed that Saos2 cells transfected with p53 had a slower growth rate than the Saos2 p53 deficient cell line. However, the Saos2/p53 line was two times more sensitive to cisplatin, an effect that was enhanced by 0.5 mM caffeine.
Other targets
Several studies indicated that caffeine has numerous effects other than those reported for cell cycle. For example, caffeine also inhibits the nucleotide exchange activity of RCC1 [109] , alkaline phosphatase activity [110] , and phosphodiesterase activity [111] . Caffeine has been shown to induce immediate early genes that are important regulators of cellular transcription [112] ; to decrease cholesterol synthesis in glial cell cultures [113] ; and to antagonize the action of adenosine in the metabolism of neurotransmitters [114] . Caffeine has been reported to inhibit cell cycle-dependent DNA repair induced by a variety of physical and chemical mutagens [115] [116] [117] . Caffeine inhibits the repair of gaps in daughter-strand DNA in UVC-damaged cells and the effects are especially notable in xeroderma pigmentosum (XP) variant cells [118] .
Some controversies on the effects of caffeine on cell cycle
Earlier studies suggested that caffeine was a teratogen in rabbits, mice and rats, and placental blood flow and embryonic growth were also severely reduced by caffeine [114, 119] . Others have also observed that in contrast to enhancing the killing of cells by IR and other DNA damaging agents, caffeine may have the opposite effect on the cytotoxic effect of certain chemotherapeutic agents such as paclitaxel [120] . Paclitaxel (Taxol) induces G2/M arrest and has been used in several clinical trials [121, 122] . Although caffeine (20 mM) has been reported to enhance apoptosis induced by paclitaxel in human beast cancer cells (MCF-7) [123] , Kitamoto et al. [120] found that combining caffeine (1 mM) with paclitaxel had no effect on the surviving fraction of A549 lung adenocarcinoma cells, but that higher concentrations (5 or 20 mM) clearly suppressed the cytotoxic effect of paclitaxel in a dose-and time-dependent manner. On the other hand, caffeine combined with paclitaxel suppressed cell proliferation. Caffeine alone caused early G1 accumulation and paclitaxel alone caused an early increase in G2/M and a decrease in G1, but the cell cycle changes induced by paclitaxel were suppressed by caffeine.
Deplanque et al. [124] reported that the sensitizing properties of caffeine probably did not result from a G2/M block override but rather from caffeine's inhibition of proliferation independent of p53 status. They contended that the presence of caffeine actually slowed down the cell cycle rather than reversing the G2/M arrest. Based on recent work, this group [125] concluded that in contrast to admitted concepts, and independently of p53 alteration, caffeine does not appear to be a chemo/radiosensitizer at reasonable therapeutic concentrations. This conclusion was based on their findings that caffeine (2 mM) suppressed cisplatin-or UVC-induced apoptosis in human thyroid papillary carcinoma K1 cells and also had no effect on clonogenic survival of these carcinoma cells. Others have shown that caffeine can protect against ionizing radiation or genotoxic treatments [126] . Caffeine was also reported to diminish the cytotoxic effects of adriamycin, ellipticine and mitoxantrone [127] .
Concluding remarks
Caffeine may very well be the most frequently ingested neuroactive drug in the world. Mechanistically, caffeine has been reported to affect cell cycle function, induce programmed cell death or apoptosis and perturb key cell cycle regulatory proteins. Although the effects of caffeine have been heavily investigated, much of the research data regarding caffeine's effects on cell cycle and proliferation seem ambiguous. One important factor may be that caffeine has been used experimentally in numerous cell types under a variety of conditions at concentrations ranging from micromolar to high mM. At lower concentrations (<1 mM), caffeine has been reported to induce p53 phosphorylation and p53-dependent apoptosis associated with increased expression of pro-apoptotic Bax and caspase-3 [9] . On the other hand, low concentrations have also been reported to have disturbing effects on nervous system development [128] . At concentrations of 1-2 mM, caffeine may induce G1 arrest [28, 30] , whereas concentrations 2-4 mM appeared to block G1 arrest [22, 37] and induce apoptosis [105] . Depending on concentration and status of p53 expression, caffeine has been reported to induce [9, 10, 28, 51, 52, 57, 91] , not induce [93] or even protect against apoptosis [54, 59, 60, 94, 125] . ATM/ATR have been widely accepted as the primary protein targets of caffeine [70] , but this contention has been disputed [79, 80] . Although exceptions have been noted [124] , most concentrations of caffeine almost always reverse the DNA-damage induced G2/M block [17, 52, 54, 55, 70, 79, 91] . However, higher concentrations of caffeine can directly induce G2 arrest [10] . Usually, but not always [51] , the effect of caffeine is most potent in p53 deficient cells [18, 54, 94, 99, 100] making it an attractive agent for treating p53 deficient cancers. Caffeine at various concentrations generally seems to enhance the toxicity of IR and DNA-damaging chemical agents, but exceptions have been noted [120, 126, 127] . Unfortunately, the high levels of caffeine required may be too toxic for humans. This suggests that the development of caffeine analogs with biologic activity similar to the parent compound, but with less toxicity, could be very useful in combination with DNA-damaging agents for treating cancers. Chemical structure of caffeine. Effects of caffeine. (A) DNA-damage induces G1 arrest and caffeine has varying effects (see text for details). (B) G2 checkpoint-Under normal conditions, the cyclinB/Cdc2 complex is dephosphorylated and activated by Cdc25C and mitosis can proceed. (C) DNA-damage induces phosphorylation and activation of Chk1, which then phosphorylates and deactivates Cdc25C. This results in Cdc25C forming a complex with 14-3-3 and Cdc25C is not able to dephosphorylate and activate the cyclinB/Cdc2 complex. The net result is G2/M arrest to allow time for DNA repair. Caffeine acts on various components to reverse the G2/M arrest.
